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A Kainate Receptor Increases
the Efficacy of GABAergic Synapses
radiatum have been found to induce a depression of
stimulus-evoked IPSCs (eIPSCs) (Rodriguez-Moreno et
al., 1997; Clarke et al., 1997; Min et al., 1999). Those
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New York Medical College observations suggest a disinhibitory role of KARs in
neuronal circuits. However, this hypothesis has beenBasic Science Building, Room 220
Valhalla, New York 10595 challenged by several observations including that KARs
mediate an increase in spontaneous IPSCs (sIPSCs),
which has been attributed to a KA-induced increase in
spontaneous firing in interneurons (Cossart et al., 1998;Summary
Frerking et al., 1998), and presynaptic KARs increase
GABA release on interneurons (Cossart et al. 2001). MostBrain functions are based on the dynamic interaction
of excitatory and inhibitory inputs. Spillover of gluta- previous studies have been based on recordings of
eIPSCs and miniature IPSCs (mIPSCs). An eIPSC re-mate from excitatory synapses may diffuse to and
modulate nearby inhibitory synapses. By recording flects synaptic activities from multiple heterogeneous
terminals activated by stimulation of the stratum radia-unitary inhibitory postsynaptic currents (uIPSCs) from
cell pairs in CA1 of the hippocampus, we demon- tum, and a change in eIPSCs is the sum of changes in
unitary IPSPs from these multiple terminals. GABAergicstrated that low concentrations of Kainate receptor
(KAR) agonists increased the success rate (Ps) of synapses are heterogeneous in their properties (Buhl et
al., 1994; Kang et al., 1998) and functions (Miles et al.,uIPSCs, whereas high concentrations of KAR agonists
depressed GABAergic synapses. Ambient glutamate 1996; Jiang et al., 2000). If KAR-mediated modulations
are heterogeneous, eIPSCs cannot correctly reflect thereleased by basal activities or stimulation of the stra-
tum radiatum increases the efficacy of GABAergic syn- modulation at individual synapses. Although a single
mIPSC reflects release from a single release site, contin-apses by activating presynaptic KARs, which facilitate
Ca21-dependent GABA release. The results suggest uous collection of mIPSCs for statistical analysis would
represent the combined activities from all active GABA-that glutamate released from excitatory synapses may
also function as an intermediary between excitatory ergic synapses in the recorded neuron. Further, if GABA-
ergic release is modulated via alteration of AP-drivenand inhibitory synapses to protect overexcitation of
local circuits. Ca21 influx, such as changes in opening of voltage-gated
Ca21 channels, mIPSCs may not reflect such modula-
tion. In this study, we recorded unitary IPSCs (uIPSCs)Introduction
using dual patch-clamp techniques in synaptically cou-
pled pairs of CA1 interneurons and pyramidal neuronsNeuronal circuits are constructed of excitatory and in-
hibitory neurons and synapses. Signals are conducted from hippocampal slices. We found a novel KAR-medi-
ated increase in the efficacy of GABAergic synapsesby excitatory transmission and controlled by inhibitory
synaptic inputs. In the central nervous system, gluta- that could be induced by basal glutamate, stimulation
of the stratum radiatum, glutamate uptake inhibitors, ormatergic synapses conduct major excitatory inputs and
GABAergic synapses conduct inhibitory inputs (Fon- low concentrations of KAR agonists.
num, 1984; Hollmann and Heinemann, 1994; Thompson,
1994). A balance between the excitatory and inhibitory Results
inputs is critical for a neuronal circuit to be functional.
Classically, excitatory to inhibitory synaptic circuits, High- and Low-Ps GABAergic Synapses
with both feedback and feedforward inhibitions (Kandel Interneurons in the stratum radiatum close to the pyra-
et al., 1961; Alger and Nicoll, 1982), have been proposed midal layer and pyramidal neurons in the CA1 pyramidal
to maintain this balance. However, recent studies sug- layer were patched in the whole-cell current-clamp and
gest that astrocytic release of glutamate can modulate voltage-clamp configurations, respectively. The identifi-
inhibitory transmission (Kang et al., 1998; Araque et al., cation criteria for cell types under differential inference
1998). As a result, spillover of glutamate from excitatory contrast (DIC) optics were similar to those previously
synapses may modulate the efficacy of nearby inhibitory described (Kang et al., 1998). Interneuronal APs were
synapses. Although the molecular biology and biophys- triggered by depolarization pulses (0.1 Hz) delivered to
ics of KAR subunits have been broadly studied (re- the patched interneuron, and interneuronal AP-evoked
viewed by Hollmann and Heinemann, 1994), the physio- uIPSCs were recorded in the patched pyramidal neuron.
logical functions of KARs in synaptic transmission are Synaptically coupled pairs were identified by a train of
only recently beginning to emerge (Vignes and Collin- three APs that evoked uIPSCs more successfully than
gridge, 1997; Castillo et al., 1997; Mulle et al., 1998; a single AP because of paired-pulse facilitation (Fleider-
DeVries and Schwartz, 1999; Li et al., 1999; Bortolotto vish and Gutnick, 1995; Li et al., 1999; Jiang et al., 2000).
et al., 1999). In CA1 pyramidal neurons of the hippocam- A uIPSC showed a short latency between the interneuro-
pus, both KAR agonists and stimulation of the stratum nal AP peak and the initiation of uIPSCs (3.0 6 0.2 ms,
mean 6 SD, n 5 30 fast uIPSC pairs) and was blocked
by perfusion of the GABAA receptor antagonist, bicucul-1 Correspondence: jian_kang@NYMC.edu
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Figure 1. Low Concentrations of KAR Ago-
nists Potentiate GABAergic Synapses
(A) Dual patch-clamp recordings from a rep-
resentative low-Ps pair showed that 300 nM
KA increased successful events of uIPSCs (2,
arrows), spontaneous firing in the patched
interneuron (3, Int, sAP) and sIPSCs in the
patched pyramidal neuron (3, Pyr). Bottom
traces, enlarged time scales of uIPSCs evoked
by evoked APs (eAP) or spontaneous APs
(sAP) during the period 1, 2, and 3. The ampli-
tude of spontaneous APs (sAP) was smaller
than the change of membrane potential in-
duced by current injection (eAP), because
each eAP was on the top of the current-
induced depolarization of interneuronal mem-
brane. Left bottom panel, distributions for the
Ps of uIPSCs from 71 synaptically coupled
pairs. The bin step was 0.1.
(B) A plot of the uIPSC amplitude against the
time for data in A. Events with the amplitude
around zero were failures.
(C) KA induced a significant increase in the
Ps and the average amplitude (AR) of uIPSCs
in low-Ps pairs (Low, n 5 6 pairs). ** and *,
p , 0.01 and , 0.05 compared with control,
respectively, paired t test. Coincidental
sIPSCs in non-coupled pairs (NC) were not
significantly increased by 300 nM KA (p 5 33,
n 5 5 noncoupled pairs).
line (30 mM, ten pairs). An evoked uIPSC was defined uIPSCs were noted among pairs and there was no statis-
tical difference between the two groups (p 5 0.91, n 5as a downward current with a decay .20 ms and an
amplitude $10 pA starting within the mean latency (for 15 fast uIPSC pairs for each group).
a given pair) 62 SD, where SD for fast-rising uIPSCs
was 0.2 ms and for slow-rising uIPSCs was 1.1 ms (Jiang KAR Agonists Potentiate GABAergic Synapses
To examine whether an increase in extracellular gluta-et al., 2000). Fast uIPSCs are produced from perisomatic
synapses, whereas slow uIPSCs may be primarily pro- mate can potentiate inhibitory transmission, we per-
fused slices with low concentrations of KA (300 nM) induced from dendritic synapses (Major et al., 1994; Xiang
et al., 1998; Jiang et al., 2000) although different receptor the presence of AMPA receptor antagonist, (6)-4-(4-
aminophenyl)-1,2-dihydro-1-methyl-2-propylcarbamoyl-kinetics (Pearce, 1993) may exist. The success rate (Ps)
was obtained by dividing the number of successful 6,7-methylenedioxyphthalazine (SYM 2206, 50 mM) (Li
et al., 1999) and the NMDA receptor antagonist, (6)-2-events by the total number of events ($20 events if
not noted, evoked by 0.1 Hz single-test stimulation). amino-5-phosphonopentanoic acid (AP-5, 50 mM). SYM
2206 and AP-5 were used in all following experimentsTo examine whether the stimulated interneurons were
electrically coupled to other interneurons, we applied with KA. We found that low concentrations of KA in-
duced spontaneous firing in 54% (7/13) of the patchedvoltage steps to the stimulated interneurons and re-
corded membrane potential changes in other interneur- interneurons (Figure 1A, Int, sAP) but caused an increase
in the frequency of sIPSCs in 100% (13/13) of the pyrami-ons in the stratum radiatum (n 5 38), the molecular
layer (n 520) or the stratum orient (n 5 22). Membrane dal neurons (Figure 1A, Pyr). In a representative low-Ps
pair, successful uIPSCs for evoked interneuronal APspotential changes were only found in 2 of 80 interneur-
ons during voltage steps in the stimulated interneurons, (Figure 1A, eAP) increased immediately following perfu-
sion of KA into the recording chamber (Figure 1A2,suggesting that unlike interneurons in the neocortex
(Galarreta and Hestrin, 1999; Gibson et al., 1999), the arrows). The occurrence of spontaneous firing in the
patched interneuron (Figure 1A, sAP) later than the in-interneurons used in this study were rarely electrically
coupled to other interneurons. Depending upon the Ps, crease in the Ps of uIPSCs might result from the perfusion
time for reaching the final concentration of KA in theinhibitory synapses could be divided into two sub-
groups, “high-Ps” and “low-Ps”. The distribution histo- chamber. In this representative pair, when the in-
terneuron was spontaneously firing, a group of largegram of the Ps from 71 cell pairs (at room temperature)
shows that there are clearly two separate subgroups sIPSCs was evoked by spontaneous APs in the pyrami-
dal neuron (Figure 1A3). Spontaneous APs evoked(Figure 1A, left bottom). Thirty-three cell pairs were cate-
gorized as low-Ps (Ps , 0.5) with an average Ps of 0.27 6 uIPSCs with a Ps (0.92 for this pair) similar to that for
eAPs (0.9 for this pair). KA also induced an increase in0.02 (Figure 1A, open bar), and the remaining 38 high-
Ps pairs (Figure 1A, solid bar, Ps . 0.6) had an average noncoupling sIPSCs, but with a relatively smaller ampli-
tude (Figure 1A3). This result suggests that some pyra-Ps of 0.91 6 0.01. In both high- and low-Ps groups,
large variations in the average amplitude of successful midal neurons may receive large somatic GABAergic
KARs Strengthen GABAergic Synapses
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Figure 2. Effects of Low and High Concen-
trations of KA on uIPSCs in High-Ps Pairs
(A) Effects of 300 nM KA on uIPSCs from a
representative pair.
(B) 300 nM KA did not significantly change
either the Ps or the amplitude (AR) of uIPSCs.
p 5 0.34 and 0.15 for Ps and amplitude, re-
spectively, n 5 7 high-Ps pairs.
(C) Effects of 5 mM KA on uIPSCs from a
representative pair.
(D) 5 mM KA significantly decreased both the
Ps and the amplitude (AR) of uIPSCs. **, p ,
0.01 compared with control, paired t test, n 5
10 high-Ps pairs.
inputs from very few interneurons. It was also noticed previous studies in eIPSCs by other groups (Rodriguez-
Moreno et al., 1997; Clarke et al., 1997). In low-Ps pairs,that in most pairs (5/6) that had relatively smaller uIPSCs,
KA induced many large sIPSCs that were not evoked 5 mM KA induced a biphasic response. In an early phase
(1–3 min), KA increased the Ps of uIPSCs (control: 0.18 6by APs in the patched interneurons. The results indi-
cated that the KA-induced increase in sIPSCs resulted 0.12, KA: 0.41 6 0.07, p,0.05, paired t test, n 5 5 pairs),
whereas in a later phase (5–8 min), depression of bothfrom both increased synaptic efficacy and spontaneous
interneuronal APs. In this representative pair, z80% of the Ps (0.06 6 0.03) and amplitude (AR: 0.4 6 0.06) pre-
dominated. The KA-induced changes in uIPSCs couldthe KA-induced increase in large sIPSCs would have
not occurred if there were no KA-induced increase in not result from indirect effects of KA on gap-junction
couplings between interneurons, because neither lowthe synaptic efficacy (the Ps of uIPSCs was 0.17 in con-
trol and 0.9 in the presence of KA). The time course of nor high concentrations of KA had effects on gap junc-
tion-mediated depolarization (data not shown). The re-the uIPSC amplitude indicated that the KAR-mediated
potentiation occurred quickly (,30 s) and was reversible sults suggest that low concentrations of KAR agonists
increase inhibitory transmission, whereas high concen-(Figure 1B). The Ps of uIPSCs (measured during the 5
min after application of KA) was significantly higher than trations of KA depress inhibitory transmission.
the Ps during the control (Figure 1C, Ps, low, p , 0.01,
paired t test, n 5 6 low-Ps pairs). The average amplitude Ambient Glutamate Potentiates GABAergic
Synapses by Activating KARsof uIPSCs, (including failures) was significantly in-
creased by the KAR agonist (Figure 1C, AR, p , 0.05, Extracellular glutamate is highly regulated by transport
into both glia and neurons (Hertz, 1979; Nichols andpaired t test, n 5 6 low-Ps pairs). To exclude the KA-
induced increase in coincidence of a sIPSC and an in- Attwell, 1990; Bergles and Jahr, 1997) and by release
from both glutamatergic synapses and astrocytes (Ki-terneuronal AP (coincidental sIPSC) due to the increase
in sIPSCs (from 3.7 6 1.1 Hz to 16.2 6 3.5 Hz), we melberg et al., 1990; Jeftinija et al., 1996; Bezzi et al.,
1998). Basal glutamate levels around GABAergic syn-examined KA-induced changes in coincidental sIPSCs
in noncoupled pairs. The results indicated that coinci- apses might be high enough (Ding et al., 1998) to activate
the high-affinity subtype of KARs (Hollmann and Heine-dental sIPSCs in noncoupled pairs were not significantly
enhanced by application of KA (Figure 1C, Ps, NC, p 5 mann, 1994; Bettler and Mulle, 1995). To test whether
basal glutamate modulates inhibitory transmission, we0.25, paired t test, n 5 5 noncoupled pairs). The results
suggest that activation of presynaptic KARs increases examined the effects of the AMPA/KA receptor antago-
nist, 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), onthe efficacy of GABAergic synapses.
Effects of KAR agonists in high-Ps pairs were also uIPSCs in high-Ps pairs. Recording traces from a repre-
sentative high-Ps pair illustrated that perfusion of 5 orexamined. Low concentrations of KA (300 nM) did not
significantly increase the Ps of uIPSCs (Figures 2A and 10 mM CNQX caused a decrease in successful events
of uIPSCs (Figure 3A, 5 or 10 mM CNQX). Both the Ps2B, p 5 0.34, paired t test, n 5 7 high-Ps pairs) because
the basal Ps was already very high. The amplitude ratio (Figure 3B, open circle) and average amplitude (Figure
3B, AR, solid circle, including failure events) of uIPSCsof uIPSCs (AR) was slightly larger than one (Figure 2B,
AR). In contrast to low levels of KA, high concentrations was dose-dependently decreased by CNQX (p , 0.01,
ANOVA, n 5 12 high-Ps pairs), indicating that blockadeof KA (5 mM) decreased the Ps of uIPSCs in high-Ps pairs
(Figures 2C and 2D). The effect of high concentrations of AMPA/KA receptors reduces the efficacy of inhibitory
synapses. The average amplitude of successful uIPSCsof KA on high-Ps synapses is in accordance with the
Neuron
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Figure 3. Basal Glutamate Potentiates GABA
ergic Synapses
(A) Effects of CNQX on uIPSCs from a repre-
sentative high-Ps pair. Upper traces, ten re-
cordings of uIPSCs during control (CON),
presence of 5 or 10 mM CNQX. Bottom panel,
a plot of the uIPSC amplitude against the time.
(B) The Ps (open circle) and the amplitude
ratio of uIPSCs (AR) were plotted against con-
centrations of CNQX. The ratio of the uIPSC
amplitude (solid circle) was obtained by divid-
ing the average amplitude of CNQX-treated
uIPSCs (including failures) by that of control
uIPSCs. The ratio of successful uIPSC ampli-
tude (solid square) and the ratio of maximal
peak amplitude of three AP-evoked uIPSCs
(open square) were also plotted against con-
centrations of CNQX. n 5 12 high-Ps pairs.
(C) Effects of CNQX on uIPSCs in the pres-
ence of the GABAB receptor antagonist, CGP
55845A (3 mM), at 328C. Upper traces, ten
recordings of uIPSCs during control (CON),
presence of 20 mM CNQX and 3 mM CGP
55845A (CNQX1CGP), or after washing out
(Wash). Bottom panel, a plot of the uIPSC
amplitude against the time.
(D) CNQX decreased both the Ps and average
amplitude (AR) of uIPSCs in the presence of
CGP 55845A. *, p , 0.05 compared with con-
trol, paired t test, n 5 5 high-Ps pairs.
was also reduced to 76% 6 5% and 75% 6 7% of the that the regulatory role of ambient glutamate in inhibitory
transmission may occur at physiological temperature.control for 10 and 20 mM CNQX, respectively (Figure
3B, solid square, p , 0.05, ANOVA). Each pair may be To further define which receptor subtype mediates
the basal glutamate-induced potentiation of uIPSCs, weconnected by multiple synapses (Buhl et al., 1994), and
a uIPSC reflects a sum of successful release from these used selective AMPA receptor antagonists, LY 300164
(GYKI 53655) (Paternain et al., 1995) and SYM 2206.synapses (Jiang et al., 2000). The CNQX-induced reduc-
tion in the successful uIPSC amplitude might result from Similar to LY 300164, SYM 2206 is an effective antago-
nist for AMPA receptors because 50 mM SYM 2206 sig-the decrease in the release probability at individual syn-
apses, which caused the decreased probability of simul- nificantly inhibited the AMPA (40 mM)-induced inward
current in pyramidal neurons (control: 334 6 23 pA; SYMtaneous release from two or more synapses. CNQX (20
mM) did not reduce the muscimol (GABAA agonist, 100 2206: 43 6 18 pA; n 5 5 cells, p , 0.001, paired t test).
When high-Ps pairs were perfused with either LY 300164mM)-induced Cl2 current (control: 0.62 6 0.06 nA, CNQX:
0.60 6 0.08 nA), indicating that 20 mM CNQX has no di- (50 mM) or SYM 2206 (50 mM), no significant changes
in the Ps of uIPSCs were found (Figure 4A–4C, LY andrect effects on GABAA channels. CNQX also induced an
increase in sIPSCs, similar to that previously reported SYM, p 5 0.39 and p 5 0.26 for LY 300164 and SYM
2206, respectively; paired t test, n 5 5 pairs for eachby other groups (McBain et al., 1992). To exclude the pre-
synaptic GABAB receptor-mediated decrease in GABA group). The average amplitude of uIPSCs (including fail-
ures) in the presence of either LY 300164 or SYM 2206release, we tested the CNQX effect on uIPSCs in the
presence of the GABAB receptor antagonist, CGP (Figure 4D, LY or SYM) was not significantly different
from control (Figure 4D, p 5 0.38 and 0.45 for LY 30016455845A (3 mM). CNQX (20 mM) decreased both the Ps
and average amplitude of uIPSCs in the presence of and SYM 2206, respectively). The results suggest that
AMPA receptors were not involved in the basal gluta-CGP 55845A (Figures 3C and 3D), suggesting that the
CNQX effect was not indirectly caused by activation mate-induced potentiation of uIPSCs. Following LY
300164 or SYM 2206, application of 20 mM CNQX signifi-of presynaptic GABAB receptors. The CNQX-induced
effect on uIPSCs could not result from cell run-down cantly decreased both the Ps and average amplitude of
uIPSCs (Figure 4A–4D, CNQX). The results indicate thatbecause: (1) the CNQX effect could be washed out,
although the recovery required a long time (Figure 3C); basal glutamate potentiates GABAergic synapses by
activating KARs.(2) the maximal peak amplitude of three AP-evoked
uIPSCs did not significantly change during experiments To further demonstrate that physiologically released
glutamate increases inhibitory transmission, we stimu-(Figure 3B, open square, p 5 0.15); (3) recordings in a
time control period (20–25 min) did not show significant lated the Schaffer collateral fibers by an extracellular
bipolar electrode positioned in the stratum radiatum,changes in the Ps and average amplitude of uIPSCs
(Figures 4C and 4D, T-CON). CNQX decreased inhibitory while recording uIPSCs from interneuron-pyramidal
neuron pairs. Trains of forty 100 Hz stimuli (0.1 ms dura-transmission not only at room temperature (Figures 3A
and 3B) but also at 328C (Figures 3C and 3D), suggesting tion) were the conditioning stimulation at 0.6 s intervals.
KARs Strengthen GABAergic Synapses
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Figure 4. KARs Mediate the Basal Gluta-
mate-Induced Potentiation
(A) Effects of LY 300164 (50 mM) on uIPSCs
from a representative high-Ps pair.
(B) Effects of SYM 2206 (50 mM) on uIPSCs
from a representative high-Ps pair.
(C) The Ps of uIPSCs from control (CON), time
control (T-CON, n 5 5 pairs), 50 mM LY 300164
(LY, n 5 5 pairs), 50 mM SYM 2206 (SYM, n 5
5 pairs), or 20 mM CNQX (CNQX, n 5 10 pairs)
groups. The Ps for time control was measured
for 0–5 min and 20–25 min after constant re-
cording was obtained. **, p , 0.01 compared
with control, paired t test.
(D) The AR of uIPSCs for the time control, LY
300164, SYM 2206, or CNQX groups. **, p ,
0.01 compared with control.
The direct effects of fiber stimulation on the patched Both the Ps (Figure 5C, Ps) and average amplitude (Figure
5C, AR) of uIPSCs significantly increased following fiberinterneurons were monitored, and only electrical field
potentials (duration ,0.5 ms) without any firing (duration stimulation. Similar to the effects of KAR agonists on
sIPSCs, fiber stimulation also induced a significant in-of AP: 2–3 ms) were observed in interneurons (Figure
5A, Stim). At room temperature, following stimulation crease in the frequency of sIPSCs (Figure 5D, p , 0.01,
paired t test, n 5 5 cells), supporting that ambient gluta-of the stratum radiatum with 20 trains of 40 stimuli,
successful uIPSCs increased in a representative low-Ps mate and KAR agonists induce similar effects on inhibitory
transmission. The time course of the stimulation-inducedpair (Figure 5B, arrow), and the increase lasted only 1–2
min (Figures 5A and 5B2). In all four tested low-Ps pairs, effect (Figure 5B2) was shorter than that induced by KAR
agonists (Figure 1B), suggesting that the re-uptake sys-more than ten trains were required for inducing the re-
sponse. When slices were perfused with CNQX (20 mM), tem was working.
Regulation of GABAergic synapses by ambient gluta-the same stimulation could not induce the increase in
successful uIPSCs (Figures 5A–5C3). After washing out mate may be temperature dependent because both glu-
tamate release and re-uptake are temperature depen-CNQX, the response recovered (Figures 5A and 5B4).
Figure 5. Stimulation of the Stratum Radia-
tum Increases the Efficacy of GABAergic Syn-
apses at Room Temperature
(A) Ten traces of uIPSCs during control (1),
after stimulation (2), stimulation in the pres-
ence of 20 mM CNQX (3), or stimulation after
washing out CNQX (4). Stim, electrical field
potential in the patched interneuron pro-
duced by one of 40 stimuli (Int).
(B) A plot of the uIPSC amplitude against the
time for data in (A).
(C) The Ps and average amplitude (AR) of
uIPSCs during control (1), after stimulation (2)
or stimulation in the presence of CNQX (3).
The Ps was measured for uIPSCs during 2 min
before or after stimulation. ** and *, p , 0.01
and 0.05 compared with control, respectively,
paired t test, n 5 4 high-Ps pairs.
(D) Fiber stimulation induced an increase in
sIPSCs. Upper traces, recordings of sIPSCs
during control (CON) or after stimulation
(Stim). Bottom panel, the mean frequency of
sIPSCs before (CON) or after stimulation
(Stim). Sample duration was 50 s. **, p , 0.01,
compared with control, n 5 5 pyramidal
neurons.
Neuron
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Figure 6. Stimulation of the Stratum Radia-
tum Increases GABAergic Release at 348C
(A) Upper traces, one train of stimuli en-
hanced both successful uIPSCs (Pyr, 2) and
sIPSCs (sIPSCs, 2). Bottom panel, a plot of
the amplitude of uIPSCs against time. Single
arrow, one train of 40 stimuli and five arrows,
five trains.
(B) The Ps and amplitude ratio (AR) of uIPSCs
during control (CON) or after stimulation
(Stim). ** and *, p , 0.01 and ,0.05 compared
with control, respectively, paired t test, n55
pairs (3 low-Ps and 2 high-Ps with a Ps , 0.8).
(C) Traces and amplitude of uIPSCs during
control (1), in the presence of 200 mM MCPG,
100 mM MSOP, 50 mM AP-5, and 50 mM LY
300164 (MCPG/MSOP/AP-5/LY) (2), after five
trains of stimuli (arrows) in the presence of
MCPG, MSOP, AP-5, and LY 300164 (3), in the
presence of 40 mM NBQX (4) or stimulation
(arrows) in the presence of NBQX (5).
(D) The fiber stimulation-induced changes in
the Ps and amplitude (AR) of uIPSCs in the
presence of MCPG, MSOP, AP-5, and LY
300,164 (MCPG/MSOP/AP-5/LY) or NBQX
(NBQX). *, p , 0.05 compared with period 2,
paired t test, n55 pairs (three low-Ps and two
high-Ps with Ps , 0.8).
dent (Gasparini et al. 2000; Min et al. 1998; Bergles and and we found that 5 mM NBQX did block the stimulation-
induced response (n 5 3 pairs). The results suggestJahr, 1998; Dirig et al. 1997). Therefore, we further tested
the stimulation-induced effects on uIPSCs at 348C. Ten that the fiber stimulation-induced increase in GABAergic
release is mediated by KARs. We also perfused slicesof sixteen pairs had a Ps larger than 0.5 (high-Ps) and
the other six were low-Ps (Ps , 0.5). In a low-Ps pair, with the glutamate reuptake inhibitor, L-trans-pyrroli-
dine-2,4-dicarboxylic acid (L-PDC, 100 mM) (Bridges etone train of 40 stimuli (Figure 6A, single arrow) was
enough to induce an increase in successful uIPSCs (Fig- al., 1991; Zuiderwijk et al., 1996), while recording uIPSCs
from low-Ps pairs. L-PDC caused a significant increaseure 6A2). The amplitude of successful uIPSCs also in-
creased after stimulation. Five trains of stimuli induced in the Ps of uIPSCs (control: 0.17 6 0.05, L-PDC: 0.54 6
0.04, p , 0.05, paired t test, n 5 4 low-Ps pairs.), indicat-a longer effect (Figure 6A, five arrows) than a single
train, indicating that release of more glutamate could ing that the L-PDC-induced increase in ambient gluta-
mate potentiates low-Ps GABAergic synapses.affect inhibitory transmission longer. Both the Ps (Figure
6B, Ps) and average amplitude (Figure 6B, AR) of uIPSCs
significantly increased following stimulation (p , 0.01 Protein Kinase C (PKC) and Protein Kinase A (PKA)
Are Not Involved in the Potentiationand , 0.05 for Ps and amplitude, respectively, paired t
test, n 5 5 pairs). Similar to that at room temperature, Rodriguez-Moreno and Lerma (1998) reported that a
Pertussis toxin-sensitive G-protein coupled KARs to thefiber stimulation also increased the frequency of sIPSCs
(Figure 6A, sIPSCs). The results suggest that ambient PKC pathway and mediated the KA-induced depression
of eIPSCs. On the other hand, Capogna et al. (1995)glutamate plays even more remarkable roles in regulat-
ing inhibitory transmission at near physiological temper- reported that both the PKC and PKA stimulators in-
creased the frequency of mIPSCs and the amplitudeature.
To exclude the involvement of mGluR, NMDA, and of eIPSCs. To investigate whether PKC and PKA are
involved in the KAR-mediated potentiation of uIPSCs,AMPA receptors, we used the mGluR antagonists, (S)-a-
Methyl-4-carboxyphenylglycine (MCPG, 200 mM) (Wat- we tested the effects of KA on uIPSCs in low-Ps pairs
in the presence of the PKC/PKA inhibitor, staurosporinekins and Collingridge, 1994) and a-methylserine-O-
phosphate (MSOP, 100 mM) (Semyanoy and Kullmann, (500 nM). Staurosporine alone did not significantly
change the basal Ps of uIPSCs (Figures 7A and 7B, Stau),2000), AP-5 (50 mM) and LY 300164 (50 mM). The fiber
stimulation-induced increase in the Ps and average am- suggesting that the PKA and PKC are not involved in
the basal release probability in low-Ps pairs. In the pres-plitude of uIPSCs was not blocked by the cocktail of
MCPG, MSOP, AP-5, and LY 300164 (Figures 6C and ence of staurosporine, 300 nM KA still induced a signifi-
cant increase in both the Ps and average amplitude (AR)6D3), but antagonized by another AMPA/KA receptor
antagonist, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo of uIPSCs (Figure 7A–7C, Stau1KA). As a positive con-
trol, perfusion of staurosporine for a similar time (5 min)(f) quinoxaline-7-sulfonamide (NBQX, 40 mM) (Parsons
et al. 1994; Yu and Miller, 1995) (Figures 6C and 6D5). blocked the protein kinase C activator phorbol myristate
acetate (PMA, 1 mM)-induced increase in mIPSCs (Fig-Unlike CNQX, NBQX did not increase the frequency of
sIPSCs. Low concentrations of NBQX (1 mM) have been ure 7D). The results suggest that neither PKC nor PKA
is involved in the KAR-mediated potentiation of uIPSCs.reported to block AMPA receptors (Yu and Miller, 1995),
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Figure 7. PKC and PKA Are Not Involved in
the Potentiation
(A) Ten traces of uIPSCs from a representa-
tive low-Ps pair in the absence (CON) or pres-
ence of 500 nM staurosporine (Stau) or 500
nM staurosporine plus 300 nM KA (Stau1KA).
Staurosporine (500 nM) did not attenuate 300
nM KA-induced potentiation of GABAergic
synapses.
(B) A plot of the uIPSC amplitude against the
time. Both eAP- and sAP-evoked uIPSCs
were measured.
(C) The Ps and the amplitude ratio (AR) of
uIPSCs in the absence (CON) or presence of
staurosporine (Stau) or staurosporine plus KA
(Stau1KA). ** and *, p , 0.01 and , 0.05
compared with staurosporine alone, respec-
tively, paired t test. n 5 5 pairs.
(D) Recording traces of mIPSCs during con-
trol (CON), application of 1 mM PMA (PMA),
perfusion of 500 nM staurosporine (Stau) or
application of PMA in the presence of stauro-
sporine (PMA1Stau). Staurosporine blocked
the PMA-induced increase in mIPSCs.
KARs Increase Ca21-Dependent Release the second uIPSCs in 2 or 0.5 mM Ca21. The increase
in the Ps for the second uIPSCs in 0.5 mM Ca21 (FigureTo further study the mechanism by which KARs increase
inhibitory transmission, we used different concentra- 8B, PPF, 0.5 Ca) was significantly smaller than that in
2 mM Ca21 (Figure 8B, PPF, 2 Ca, p , 0.01, pairedtions of extracellular Ca21. When a low-Ps pair was in
the solution containing 0.5 mM Ca21, the Ps of uIPSCs t test, n 5 6 low-Ps pairs). The results suggest that
extracellular Ca21 is nonlinearly correlated to eitherwas decreased by 0.5 mM Ca21 (Figures 8A and 8B, 0.5
Ca, p , 0.05, paired t test, n 5 5 low-Ps pairs) and KAR-mediated or PPF-induced increase in the Ps of
uIPSCs. When slices were in 8 mM Ca21, the Ps of uIPSCswas not significantly changed by the supplement of KA
(Figures 8A and 8B, 0.5 Ca1KA, p 5 0.36, paired t test, in a low-Ps pair increased significantly (Figures 8C and
8D, 8 Ca, p , 0.01, paired t test, n 5 5 low-Ps pairs),n 5 5 low-Ps pairs). When washing KA out with the slice
solution containing 2 mM Ca21, the successful events suggesting that failures of uIPSCs resulted from a Ca21-
dependent mechanism rather than from AP propagationrecovered to the control level (Figure 8A, Wash). Paired-
pulse facilitation (PPF) occurs in low-Ps pairs (Jiang et failures (Debanne et al., 1997). Application of 300 nM KA
could not further significantly increase the Ps of uIPSCsal. 2000) and is due to presynaptic accumulation of Ca21
(Katz and Miledi, 1968). To confirm that 0.5 mM Ca21 (Figures 8C and 8D, 8 Ca1KA, p 5 0.15, paired t test,
n 5 5 low-Ps pairs). The results suggest that when 8reduces facilitation of Ca21-dependent release, we cal-
culated the paired-pulse-induced increase in the Ps for mM Ca21 has enhanced GABA release close to the maxi-
Figure 8. Activation of KARs Increases Ca21-
Dependent Release
(A) Effects of 300 nM KA on uIPSCs in a repre-
sentative low-Ps pair in 0.5 mM Ca21. Upper
panel, ten traces of uIPSCs in the presence
of 2 mM Ca21 (2 Ca), 0.5 mM Ca21 (0.5 Ca),
0.5 mM Ca21 plus 300 nM KA (0.5 Ca1KA),
or 2 mM Ca21 again (Wash). Lower panel, a
plot of the uIPSC amplitude against the time.
(B) The Ps of uIPSCs with 2 mM Ca21 (2 Ca),
0.5 mM Ca21 (0.5 Ca), or 0.5 mM Ca21 plus
300 nM KA (0.5 Ca1KA). n 5 5 low-Ps pairs.
PPF, paired-pulse (20 ms interval) facilitation
of the Ps for uIPSCs in 2 mM (2 Ca) or 0.5 mM
Ca21 (0.5 Ca). 1 and 2, the Ps for the first and
second uIPSCs, respectively. ** and *, p ,
0.01 and , 0.05, respectively, paired t test,
n 5 6 low-Ps pairs.
(C) Effects of 300 nM KA on uIPSCs in a repre-
sentative low-Ps pair in 8 mM Ca21 (8 Ca).
(D) The Ps of uIPSCs with 2 mM Ca21 (2 Ca),
8 mM Ca21 (8 Ca), or 8 mM Ca21 plus 300 nM
KA (8 Ca1KA). **, p , 0.01 compared with
control, paired t test, n 5 5 low-Ps pairs.
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Figure 9. KARs Increase Ca21-Dependent
but Not Ca21-Independent Release
(A) Effects of 300 nM KA on uIPSCs from a
representative high-Ps pair in 0.5 mM Ca21
(0.5 Ca).
(B) The Ps of uIPSCs from high-Ps pairs with
2 mM Ca21 (2 Ca), 0.5 mM Ca21 (0.5 Ca), and
0.5 mM Ca21 plus 300 nM KA (0.5 Ca1KA).
**, p , 0.01 compared with control, paired t
test, n 5 5 high-Ps pairs.
(C) Effects of 300 nM KA on mIPSCs recorded
in the presence of either TTX (1 mM) or cad-
mium (Cd, 200 mM).
(D) The average amplitude (Amp) and fre-
quency (Fre) of mIPSCs during control (CON)
or after application of KA (KA) in the presence
of either TTX or Cd. Data were measured for
50 s periods before and after application of
300 nM KA. p 5 0.65 and 0.32 from the TTX
group and 0.10 and 0.28 from the Cd group for
amplitude and frequency, respectively, n 5 5
cells for each group.
mum, the range of the Pr left for KAR modulation is much Recent studies by other groups have reported that KARs
increase inhibitory-inhibitory transmission (Cossart etsmaller than that in 2 mM Ca21. In high-Ps pairs, 0.5 mM
al. 2001) and that KARs mediate increases both in spon-Ca21 significantly decreased the Ps of uIPSCs (Figures
taneous interneuronal firing and in sIPSCs in CA1 pyra-9A and 9B, 0.5 Ca, p , 0.01 compared with 2 Ca, paired
midal neurons (Cossart et al., 1998; Frerking et al., 1998).t test, n 5 5 high-Ps pairs). Application of 300 nM KA
Our results suggest that activation of KARs also in-did not significantly increase the Ps of uIPSCs from these
creases the efficacy of inhibitory synapses onto pyrami-original high-Ps pairs, although the Ps had already been
dal neurons. The KAR agonist-induced increase indecreased to the low-Ps levels by 0.5 mM Ca21 (Figures
sIPSCs (Figure 1A) results not only from the increased9A and 9B, 0.5 Ca1KA, p 5 0.44). The results further
spontaneous firing of interneurons but also from thesupport that KARs increase the Ca21-dependent re-
increase in the efficacy of GABAergic synapses. Thelease. To further test this hypothesis, we used either
KAR-mediated increase in the efficacy of GABAergictetrodotoxin (TTX, 1 mM) or Ca21 channel blocker, cad-
synapses plays even more important roles in local cir-mium (Cd, 200 mM), to obtain mIPSCs in pyramidal neu-
cuits than spontaneous APs, because the efficacy deter-rons without Ca21 influx. KA (300 nM) increased neither
mines the successfulness of synaptic transmission forthe frequency nor the average amplitude of mIPSCs in
both evoked and spontaneous interneuronal APs. Axo-the presence of either TTX (Figures 9C and 9D, TTX) or
axonal synapses from glutamatergic terminals to GABACd21 (Figures 9C and 9D, Cd). The results suggest that
ergic terminals seem unlikely to mediate the glutamate-the blockade of Ca21 influx by either TTX (blocking APs)
induced potentiation because (1) there is no evidenceor Cd12 inhibits the KAR-mediated increase in GABA
for the ultrastructure of asymmetric axo-axonal syn-release. The absence of KA effects on mIPSCs with TTX
apses on GABAergic terminals although some contactsaccorded with previous observations by other groups
may exist between glutamatergic and GABAergic termi-(Frerking et al., 1998; Cossart et al. 1998; Bureau et al.,
nals (Milner and Bacom, 1989; Milner and Vezneda-1999; Frerking et al., 1999). These results suggest that
roglu, 1992; Commons and Milner, 1996); (2) there wasthe KAR-mediated potentiation of inhibitory transmis-
an increase in synaptic efficacy (Figures 5 and 6) duringsion results from an increase in Ca21-dependent release
2–3 min following stimulation of the stratum radiatum.of GABA.
Although KARs are rapidly desensitized (Wilding and
Huettner, 1997), relatively long effects of KA on uIPSCs
Discussion were observed (Figures 1C, 1B, and 7B). The mecha-
nisms underlying this long duration of the effects are
Extracellular glutamate that potentiates GABAergic syn- not yet known. One assumption is that KAR-mediated
apses can come from several sources. A primary source Na1 influx may activate other long-lasting conductance
is via diffusion from nearby excitatory synapses. Al- (Liu et al., 1998) that slightly depolarizes terminals and
though extracellular glutamate is highly regulated by facilitates release by increasing the AP duration (Qian
transport into both glia and neurons (Hertz, 1979; Nich- and Saggau, 1999a, 1999b). It was also noticed that the
ols and Attwell, 1990; Bergles and Jahr, 1997), here, success probability of uIPSCs in a pair was not constant
we demonstrate that glutamate released by basal or but oscillating, implying that the KAR-mediated modula-
stimulated glutamatergic activities can diffuse to and tion might change along with basal glutamatergic activi-
activate presynaptic KARs on nearby GABAergic termi- ties. In this study, we observed that basal glutamate
nals. Thus, extracellular glutamate plays a physiological differentially modulated high- and low-Ps GABAergic
synapses. There are two possible mechanisms underly-role in regulating inhibitory inputs to pyramidal neurons.
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ing this different modulation. The first is that a high-Ps induced increase in the Ps of the second uIPSCs in 0.5
synapse is closer to a glutamatergic terminal than a low- mM Ca21 (Figure 8B, PPF, 0.5 Ca, 2) supported that
Ps synapse (Milner and Veznedaroglu, 1992; Commons facilitation of the Pr caused by an increase in terminal
and Milner, 1996), and local glutamate levels around this Ca21 transient could be significantly reduced by 0.5 mM
high-Ps synapse are higher than those around low-Ps Ca21. The results that 8 mM Ca21 also reduced the modu-
synapses. The second is that presynaptic terminals of lation suggest that there is a Ca2 concentration range
high-Ps GABAergic synapses have KARs with higher (around physiological concentration) in which the KAR-
affinity than those of low-Ps synapses. The results that mediated modulation is maximal, and either higher or
weaker fiber stimulation was required to induce the re- lower calcium far from this concentration range will re-
sponse at 348C than that at room temperature (Figures markably reduce the modulation. The involvement of the
5 and 6) imply the former. The results suggest that tem- metabotropic KAR-mediated intracellular PKC and PKA
perature-dependent release of glutamate from terminals pathways are excluded based on the results from the
is more important for the modulation than temperature- experiments using staurosporine (Figures 7A–7D). Al-
dependent diffusion and re-uptake of glutamate. This though KARs were reported to alter excitability of Mossy
temperature-dependent modulation is supported by the fibers (Kamiya and Ozawa, 2000; Schmitz et al. 2000), the
higher ratio of high-/low-Ps pairs at 348C (10/6) than that KAR-mediated increase in the success rate of uIPSCs
at room temperature (38/33). Further experiments are might not result from increased excitability of axonal
needed to find out the detailed mechanism for this differ- fibers, because failures of uIPSCs are not due to AP
ential modulation. The regulatory effects of ambient glu- propagation failures based on the experiments with 8
tamate on GABAergic synapses contribute to the two mM Ca21 in the bath (Figures 8C and 8D). More experi-
categories of synapses (high- and low-Ps), and suggest ments are needed to determine the detailed mechanism
that GABAergic transmission at high-Ps synapses would by which these KAR receptor/channels facilitate AP-
decrease by almost a half without glutamate modulation. driven GABAergic release.
The glutamate modulation plays a physiological function In this study, we demonstrated that basal glutamate,
in local circuits, and inhibitory synapses will decrease stimulation of the stratum radiatum, or low concentra-
the working efficacy when excitatory inputs decrease. tions of the KAR agonist increase the efficacy of GABA-
However, ambient glutamate is not the only contributor ergic synapses by activating presynaptic KARs. The
for the two categories because in the presence of CNQX, KAR-mediated potentiation of inhibitory transmission
some pairs (5 of 12) still showed a relatively high Ps may function as a negative feedback control in local
(0.7–0.9), suggesting that other factors such as intrinsic circuits. An increase in excitatory inputs onto a pyrami-
properties also contribute to the Pr of synapses. The dal neuron causes more glutamate diffusing to nearby
KAR agonists have also been found to depress eIPSCs GABAergic synapses, which in turn increases inhibitory
in hippocampal CA1 pyramidal neurons (Rodriguez- inputs that counteract the increased excitatory inputs
Moreno et al., 1997; Clarke et al., 1997). However, a high and protect the pyramidal neuron from overexcitation.
concentration of the KAR agonist was required to induce Thus, extrasynaptic glutamate functions as an interme-
this depression in high-Ps pairs (Figures 2C and 2D). Our diary to maintain the balance between excitatory and
results suggest that low concentrations of glutamate inhibitory systems.
increase the synaptic efficacy of GABAergic synapses
at both high- and low-Ps GABAergic synapses, whereas
Experimental Procedureshigh concentrations of glutamate depress inhibitory
transmission primarily at high-Ps synapses. Min et al. Brain slices were prepared as described previously (Kang et al.,
(1999) reported that stimulation of the stratum radiatum 1998; Jiang et al., 2000). Briefly, 14- to 20-day-old (P14-P20)
(5–10 stimuli) induced depression (23%) of eIPSCs at Sprague-Dawley rats were anaesthetized with pentobarbital sodium
(55 mg/kg) and decapitated. Transverse brain slices of 300 mm wereroom temperature. However, using pairing recording of
cut with a vibratome (TPI, St. Louis, MO) in a cutting solution con-uIPSCs, we observed potentiation rather than depres-
taining (mM) 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 10 glucose,sion of uIPSCs at either room temperature or 348C with
26 NaHCO3, and 230 sucrose. Slices containing the hippocampus40–400 stimuli. were incubated in the slice solution, gassed with 5% CO2 and 95%
The detailed mechanism underlying the KAR-medi- O2 for 1–7 hr, and then transferred to the recording chamber (1.5
ated increase in the efficacy of GABAergic synapses is ml) that was perfused with the slice solution gassed with 5% CO2
as yet unknown. The influence of extracellular Ca21 on and 95% O2 at room temperature (238–248C) or 328–348C. The slice
solution contained (mM) 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2,the KA effects suggests that KARs increase AP-driven
2 CaCl2, 10 glucose, and 26 NaHCO3 (pH 5 7.4 when gassed withCa21-dependent release. The results that KA did not
95% O2 and 5% CO2).significantly increase the Ps of uIPSCs when extracellu- The recording chamber was placed on the stage of an Olympus
lar Ca21 was reduced to 0.5 mM are in accordance with BX50 upright microscope (Olympus Optical Co., NY) equipped with
the 4th power function of terminal Ca21 transient in re- DIC optics, and cells were visualized with a 403 water immersion
lease (Katz and Miledi, 1968; Qian and Saggau, 1997). lens. Two electrical manipulators (TS Products Co., Arleta, CA) were
Suppose that C is the Ca21 transient during AP, and DC mounted on the stage in opposing positions and moved along a
plane 188 to the horizontal. Patch electrodes with a resistance ofis the increase by KA. Thus, Pr ! C4 in control, Pr !
4–6 MV were pulled from KG-33 glass capillaries (i.d. 1.0 mm, o.d.(C 1 DC)4 during application of KA, and DPr (KA-induced
1.5 mm, Garner Glass Co., Claremont, CA) using a P-97 electrodeincrease in Pr) ! 4C3DC 1 6C2DC2 1 4CDC3 1 DC4. puller (Sutter Instrument Co., Novato, CA). A seal resistance ,5GV
Therefore, the extent of KA effects is nonlinearly related was rejected. Dual patch-clamp recordings were performed in pairs
to both C and DC. In 0.5 mM Ca21, both C and DC are of interneurons whose somata were located in the stratum radiatum
smaller than those in 2 mM Ca21, and, thereby, DPr is and pyramidal neurons in the CA1 pyramidal layer. Interneurons
were patched in the whole-cell current-clamp configuration (Hamillmuch reduced. The reduction of the paired-pulse-
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et al., 1981) using an Axoclamp 2B amplifier (Axon Instruments, Inc., nases A and C in the rat hippocampus in vitro. J. Neurosci. 15,
1249–1260.Burlingame, CA). The pipette solution contained (mM) 120 K-glu-
conate, 10 KCl, 1 MgCl2, 10 HEPES, 0.1 EGTA, 0.025 CaCl2, 1 ATP, Castillo, P.E., Malenka, R.C., and Nicoll, R.A. (1997). Kainate recep-
0.2 GTP, and 4 glucose (pH adjusted to 7.2 with KOH). Pyramidal tors mediate a slow postsynaptic current in hippocampal CA3 neu-
neurons were patched in the voltage-clamp configuration and re- rons. Nature 388, 182–186.
corded at a holding potential of 260 mV using an Axopatch 200B
Clarke, V.R., Ballyk, B.A., Hoo, K.H., Mandelzys, A., Pellizzari, A.,
amplifier (Axon Instruments Inc.). The pipette solution contained
Bath, C.P., Thomas, J., Sharpe, E.F., Davies, C.H., Ornstein, P.L.,
(mM) 120 CsCl, 10 KCl, 1 MgCl2, 10 HEPES, 0.1 EGTA, 0.025 CaCl2, et al. (1997). A hippocampal GluR5 kainate receptor regulating inhibi-
1 ATP, 0.2 GTP, 5 QX-314, and 4 glucose (pH adjusted to 7.2 with
tory synaptic transmission. Nature 389, 599–603.
KOH). Experiments with a holding current . 2200 pA were rejected.
Commons, K.G., and Milner, T.A. (1996). Ultrastructural relationshipsRecordings with changes in series resistance .10% of control in
between leu-enkephalin- and GABA-containing neurons differ withinpyramidal neurons were rejected. Depolarizing current pulses pro-
the hippocampal formation. Brain Res. 724, 1–15.duced by a Master-8 stimulator (A.M.P.I., Israel) were delivered to
the patched interneurons at 0.1 Hz to induce interneuronal APs. Cossart, R., Esclapez, M., Hirsch, J.C., Bernard, C., and Ben-Ari, Y.
Extracellular stimuli were delivered to the stratum radiatum through (1998). GluR5 kainate receptor activation in interneurons increases
a bipolar tungsten electrode. Miniature IPSCs in pyramidal neurons tonic inhibition of pyramidal cells. Nature Neurosci. 1, 470–478.
were recorded with a Vh of 260 mV in the presence of 1 mM TTX, Cossart, R., Tyzio, R., Dinocourt, C., Esclapez, M., Hirsch, J.C., Ben-
50 mM AP-5, and 50 mM SYM 2206. Recording signals were filtered Ari, Y., and Bernard, C. (2001). Presynaptic Kainate receptors that
through an 8-pole Bessel low-pass filter with a 2 kHz cut-off fre- enhance the release of GABA on CA1 hippocampal interneurons.
quency and sampled by a PCLAMP 8.0 program (Axon Instruments Neuron 29, 497–508.
Inc.) with an interval of 50 ms. Data were further processed with
Debanne, D., Gue´rineau, N., Ga¨hwiler, B.H., and Thompson, S.M.Origin 5.1 (Microcal Software, Inc, Northampton, MA) and CorelDraw
(1997). Action-potential propagation gated by an axonal IA-like K17.0 (Corel Co. Ontario, Canada) programs. Statistical data are pre-
conductance in hippocampus. Nature 389, 286–289.sented as mean 6 SEM if not indicated.
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